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Introduction
Developments in volcano acoustics have enhanced volcanic monitoring, facilitating interpretation of eruption dynamics (e.g., Caplan-Auerbach and McNutt, 2003) , explosive volumes (e.g., Dalton et al., 2010; Johnson et al., 2008) and exit velocities (e.g., Vergniolle and Caplan-Auerbach, 2006; Ripepe et al., 2013 ). An especially important parameter in determining the behaviour of eruption columns is the erupting mass flux (N, Parfitt and Wilson, 2008) , which is proportional to the mean exit velocity (U j ):
where r v is vent radius in m and q b is the gas-magma bulk density in kg m −3 . Therefore, a method for determining U j from volcanic acoustic signals would be of great use in hazard warning and mitigation. Although several acoustic generation mechanisms may exist in volcanic environments, one explored by Matoza et al. (2009) and Fee et al. (2010) is that above-vent sound produced during sustained plume generating volcanic eruptions has similarities to the acoustic signals from industrial jets. relationships, this link to industrial jets offers a scaling law between the peak frequency of the volcanic infrasound signal pressure and U j . Derived from studies of relatively well structured, self-similar jet flows, the empirical jet noise spectra of Tam et al. (1996) show that (a) sound pressure level (SPL) depends on U j , (b) the signal amplitude and frequency content are directional, and (c) the peak Strouhal number (St p ) depends on emission angle. The established body of work on the acoustics of industrial jets provides a potential framework for interpreting volcanic infrasound signals but there are key assumptions as discussed by Matoza et al. (2013) , that might not be valid, including the dominance of an abovevent sound source, and the similarity in jet flow structure for the jet-engine and volcanic eruption column cases. These assumptions may not be valid because volcanoes have nozzle (i.e. volcanic vent) geometries that differ substantially from jet engines, and unlike jet engines volcanoes have not been engineered to remove sound sources upstream of the vent.
Before proceeding further it is important to clarify terminology. The term 'jet noise' has been applied to acoustic signals associated with a range of volcanic eruptive behaviours, which do not necessarily derive from flows of the same structure as the engineering jets studied, and therefore the associated acoustics relations also may not hold. Taddeucci et al. (2014) state: "For volcanological applications, jet noise can be defined as the characteristic acoustic field generated by a high-velocity jet of gas (with or without a solid and liquid component) entering the surrounding atmosphere and includes multiple source processes and characteristic signals". However, in the aeroacoustics literature (and in this paper), 'jet noise' is the sound generated by turbulent structures within a steady state jet flow, and what Taddeucci et al. (2014) call 'volcanic jet noise' would be considered 'aeroacoustic noise' (of which 'jet noise' is a subset) by the engineering community. Matoza et al. (2009) and Fee et al. (2010) have focused on applications to relatively steady column-generating eruptions but even these may differ in character from the wellstructured jet flows on which the relationships are derived, a key consideration being the possible lack of jet potential core in the volcanic case. This region, key for flow establishment, is only seen in jets issuing from contraction nozzles (Ball et al., 2012) .
A substantial body of work by the jet research community has demonstrated the effect of initial conditions on jet self similarity (e.g., Fellouah et al., 2009 ), which will in turn impact noise generation mechanisms. Variations in nozzle geometry have significant effects on the emitted flows, particularly in the region before (i.e. upstream of where) self-similarity has been achieved. This near-tointermediate field (NIF) is the predominant region of jet noise production (e.g., Papamoschou, 2011) . Therefore, alterations to the flow profile in this region have implications for the generation of acoustic signals. The consequences for interpreting volcanic acoustics may be substantial due to the stark contrast between the geometries of engineered nozzles from which the empirical jet noise spectra were obtained and the structure of volcanic conduits and vents.
Noise testing in the engineering setting employs substantial measures to eliminate all but the jet noise source from the recorded data. In particular, nozzles are designed to promote laminar flow on exit and reduce flow separation at the nozzle lip. In addition, the upstream test section is heavily engineered to reduce the transmission of internal noise sources through the test rig (e.g., Bridges and Brown, 2006) . Such acoustic treatment is not present in the volcanic setting meaning signals generated will be a composite of all internal and external sound generation mechanisms. This paper presents results from a series of laboratory experiments designed to assess the sensitivity of jet noise signatures to nozzle geometry. This was achieved by measuring acoustic signals from flows through a set of nozzles with basic geometries, while using particle image velocimetry (PIV) to provide details of the flow structure. An important difference from classical subsonic engineering experiments is the inclusion of divergent nozzles which are more relevant to divergent volcanic vents (Wilson et al., 1980) than straight or convergent nozzles. The investigations included an assessment of our ability to resolve jet operating parameters, via the empirical power spectra, derived from engineering studies (e.g., Tam et al., 1996) when acoustic signals contain both turbulent jet noise and other signals pertaining to the jet rig.
Methods

Experimental apparatus
The experimental apparatus consisted of a settling chamber, baffle cylinder, nozzle test section and acoustically-treated housing. A schematic diagram of the overall design is shown in Fig. 1a .
Compressed air was provided via a regulator from a standard 7 bar fixed airline. Desired volume flow rates were achieved using a convergent-divergent nozzle attachment (designed following Wang and Devenport, 2001 ), fitted to the rig side of the air regulator. Upon entering the apparatus air flowed through a cubic 0.4 m 3 settling To permit particle image velocimetry (PIV) measurements, a Plexiglas sheet formed the chamber wall at z = −0.5 m. This wall was covered with AFP100 mm foam during acoustic tests. The nozzle centre line was located a minimum of 0.5 m from the chamber walls to avoid recirculation effects and a 0.3 m diameter vent in the back wall allowed air to exit the chamber. On the chamber exterior, the vent was shielded by a 0.4 m wide × 0.7 m high × 0.3 m deep AFP100 mm lined cover positioned 0.15 m above the chamber base, fully covering the exit vent. This shield permitted flow to exit, while minimising noise transmission back into the chamber.
Nozzles
Jet nozzles were attached to the end of the converging section of the baffle cylinder at the junction with the test chamber. Runs were performed at PIV mean exit velocities of 61-140 m s −1 using three convergent, five straight and two divergent PVC nozzles (Fig. 2) .
The convergent and three of the straight nozzles were 0.08 m long, with 0.005 m, 0.01 m and 0.015 m exit diameters (D). The two additional straight nozzles were 0.12 m long with D = 0.01 m; one of these nozzles had a taper at the upstream end which slightly altered the flow entry into the nozzle. The inlet:outlet diameter ratios of the divergent nozzles were 1 : 2 and 1 : 32; both were 0.08 m long with divergence angles of 3.6 • . Differing nozzle geometries were used to alter the exit flow structure and so assess the effect on sound generation and transmission. The full range of velocities were not performed for all nozzle geometries because of limitations in the deliverable flow rate. These flow constraints were also the reason for the limited taper of the divergent nozzles.
Following the aeroacoustic jet noise scaling, the expected peak frequency (f pe ) for a jet exiting at U j is
in which f St , is the observed peak Doppler-shifted Strouhal number. f St depends on observation angle (h; Fig. 1e ) and for narrowband data f St = 0.3 at h = 90
• (e.g., Gaeta and Ahuja, 2003; Viswanathan, 2004) . The f pe values for each D, U j combination tested in this study are given in Table 1 .
Experimental runs
For each condition, prior to the first run, an Aerotech pitot tube was placed in the same position with its opening 0.1 m in front of the nozzle exit (between x = 0.7 D and 2 D depending on the nozzle diameter). The regulator was then adjusted so that the pitot tube exit velocity (U jp ) was set to 60, 80, 100, 120 or 140 m s −1 (measured flow rates fluctuated +/− 5 m s −1 around U jp ), the regulator was then locked and the pitot tube removed before commencing experimental runs with either PIV or microphones. Use of the Pitot tube ensured consistency of flow delivery for experiments comparing different nozzles and also between PIV and acoustic tests. In-chamber temperature was recorded for each run group with an accuracy of +/−0.5 • C.
Particle image velocimetry (PIV) system
Two-component two-dimensional PIV measurements were conducted using a Dantec Dual Power pulsed 200 mJ laser at 10 Hz repetition rate. Seeding consisted of an atomised mixture of water and Polyethylene glycol-80 providing typical tracer diameters of 1 l m. Prior to running PIV experiments, the acoustic chamber was filled Table 1 Run conditions and parameter values. Convergent nozzles (C), straight nozzles (S) and divergent nozzles (D). SL is the 0.12 m straight nozzle and SLT is the 0.12 m straight nozzle with an inlet taper. The expected peak frequency f pe is derived from Eq. (2). f p is the measured peak frequency. B and xo describe the centre line decay and jet virtual origin and are obtained from Eq. (3). A and K describe the spreading rate and are determined from Eq. (6). TImax is the maximum turbulence intensity (TI, calculated from Eq. (5)) and TImax, x D is its location. HPBW values in italics are those for which there was more than one HPBW peak within the source region. with seeding to minimise correlation bias errors near the jet edge. The laser housing was positioned on a Plexiglas sheet located in the test chamber roof, with the laser sheet aligned to illuminate the vertical plane containing the jet axis (Figs. 1b and 3). The camera was positioned facing the Plexiglas wall of the test chamber in order to image the cross section of the jet in the illuminated plane. Scattered light intensities were recorded using a HiSense 11M camera yielding 4000 × 2672 pixel images, with a typical resolution of 24.4 pixels/mm. Processing was performed using correlation windows of 16-by-16 pixels with a window overlap of 50% translated in a vector spacing of 0.37 mm and spatial resolution of 0.74 mm (=1/16 pixels). The total area processed is 186 × 124 mm in the x,y plane (Fig. 1b) . For each nozzle a total of 1600 image pairs constituted the database for statistical analysis with each image spanning approximately 30D downstream for the D = 0.005 m nozzles. One image pair was collected every 0.1 s, providing statistically independent flow fields. For each image pair the pixel shift of the seeding tracers between the first and second laser pulses was used to calculate the jet flow parameters. Individual recordings within each image pair were separated temporally by 60 l s, equating to a maximum particle image displacement of 8 pixels. This setting ensured a reliable outcome of the image processing and is generally accepted to yield an optimum trade-off in dynamic PIV measurement range and robustness. Given an estimated maximum fluctuation in local velocity (i.e. local root-mean-squared (RMS) velocity/velocity) of 25%, discrepancies in mean velocity and turbulence intensity are estimated at ±1.2% and ±0.8% nozzle velocity respectively for a 95% confidence level, assuming normal distributions in error. The accuracy of the PIV measurement system decreases as velocity increases due to the increased pixel shift per frame. PIV measurements were therefore only done for experiments with U jp up to 100 m s −1 . A series of calibration images were taken to establish the dimensions of the PIV images and estimate the pixelto-mm conversion factor. Additionally a series of seed-free, flow-free background images were recorded, averaged and then subtracted from each PIV run to remove any residual background motion or path effects, thereby improving the reliability and accuracy of the obtained results.
Acoustic tests
Acoustic signals were recorded at 96 kHz with a GFaI acoustic camera acquisition system, using an array of 36 microphones evenly distributed along the perimeter of a circle of 0.35 m diameter. According to the manufacturer, the microphones have a flat frequency response to 20 kHz. While beamforming at higher frequencies is possible as all of the microphones have the same frequency roll-off, absolute pressure values at frequencies >20 kHz are not valid. For pure jet noise the recorded frequency spectrum varies with observation angle (e.g., Gee et al., 2013) , so measurements were made with the plane of the array aligned near-perpendicular to the jet axis. This alignment positioned the maximum number of microphones h < 100 • from the jet axis (Fig. 1c) and enabled beamforming of signals relating to the low angled acoustic spectra discussed by Tam et al. (1996) . To allow different regions of the jet to be resolved using beamforming, the microphone array was positioned at distances < 200 D from the jet axis. The positions of a subset of three microphones were measured and used to determine the full array locations prior to analysis. Array calibration was performed using two 0.01 m diameter headphones mounted on a rod along the nozzle axis.
For each flow condition acoustic recordings were made of five 8-second runs for all applicable nozzles; the duration was set in order to ensure the flow reached a steady state. Acoustic recordings started one second prior to opening the flow valve giving 8-second runs consisting of 1 s of background (noise) and 7 s of flow (signal). The low flow rate limit was set as the minimum to generate a signal distinguishable, by eye, in the acoustic traces, while the upper limit was defined by the maximum deliverable air flux.
Steady flow conditions were achieved after 4 s, based upon the variance reduction in spectrograms of the acoustic recordings. Therefore, spectral analyses were performed upon seconds 6 to 8 of the samples for all microphones in the required angular region. Acoustic sources were located using a delay-and-sum beamformer (Olson and Szuberla, 2008 ) and the Power Spectral Density (PSD) estimates for the peak source locations were made using a 2048 point Digital Fourier Transform with 50% overlap, giving a frequency resolution of 46.9 Hz.
Results -particle image velocimetry
A series of jet parameters was extracted from the PIV data to ensure the jets tested were comparable to those reported by previous studies (e.g., Fellouah et al., 2009; Quinn, 2006) and also to relate the acoustic results to the jet flows. The parameters were the mean exit, centre line and local velocities (U jc , U c , U), local RMS fluctuating velocity (u ), axial extent of the potential core (x c ), local and centre line turbulence intensity (TI, TI c ), centre line velocity decay parameter (B) and spreading rate (A). Results are summarised in Table 1 . While previous studies have concentrated on the intermediate-field and fully-developed region, this study focused on the near-to-intermediate-field (NIF) as this is the region predominately responsible for sound generation (e.g., Papamoschou, 2011) . 
Potential core
The axial extent of the potential core (x c , x being the axial coordinate with x = 0 located at the nozzle exit) was taken to be the point at which U c = 0.95U jc (e.g., Grandchamp and Hirtum, 2013) . (Fig. 4a) .
The extent of the potential core was longest for convergent noz- Table 1 . The x c locations for the convergent and divergent nozzles were in agreement with those of Arakeri et al. (2003) . Excluding the D = 0.015 m nozzle measurement, the mean x c for the straight nozzles was x c /D = 5.5 (s = 0.3).
Velocity profiles
The divergent nozzles had consistently Gaussian radial velocity profiles at x/D = 2 (Fig. 5a ) but jets from the straight and convergent nozzles had less developed profiles on exit. Grandchamp and Hirtum (2013) used three theoretical pipe flow profiles to describe jet exit velocity regimes: the parabolic (fully developed laminar pipe flow), 1 7 power law (turbulent pipe flow), and the hyperbolic tangent ('top hat') profiles. While for our experiments with straight nozzles the flow regime at x/D = 2 was best matched by the 1/7 power law (turbulent) pipe flow profile, the convergent nozzles x/D = 2 regime matched the top hat profile. For both the straight and convergent nozzles, radial velocity profiles did not become Gaussian until several nozzle diameters downstream of the exit.
U jc /U c increases systematically with downstream distance. This decay can be related to jet virtual origin position (x o ) and an empirical parameter B associated with the nozzle shape,
(e.g., Fellouah et al., 2009) . B and x o were obtained through a least squares regression fit of data in the region x > 1.5x c . B values for the convergent and straight nozzles (Table 1) were slightly higher than those reported previously (Table 2) These results, along with the shorter extent of the potential core, suggest that a jet starts to develop inside the divergent nozzle, which is also consistent with the downstream shift in x o from divergent relative to the straight and convergent nozzles ( Table 1) . Values of x o for the straight and convergent nozzles obtained from a best fit of Eq. (2) increased with Reynolds number (Re),
Here, the kinematic viscosity of air (m) is defined using standard atmospheric pressure (101,325 Pa) at 20 • C. In contrast the divergent results appeared Re independent with x o /D ≈ 2, though the data are limited.
Turbulence intensity (TI)
Following Quinn (2006) , TI and TI c are defined as,
The TI c values here correspond to those reported by Raman et al. (1994) . For each experiment, the peak TI c value and location was determined from a TI c (x) curve smoothed with a 100-sample moving average. As with the x c locations, the peak TI c locations from closest to the nozzle exit to furthest downstream corresponded to the divergent, then straight then convergent nozzles. Using direct numerical modeling, Bogey et al. (2008) showed that the peak in centre line turbulence intensity is located between 1D and 2D downstream of the potential core, the distance increasing with increasing initial turbulence. The TI c peaks from this study were 3.3-4.7 D downstream of x c . However, the peak region extended over at least 1 jet diameter.
Considering the full axial TI c profiles, the divergent nozzles had the largest TI c values to x/D ≈ 5 and these remained larger than the convergent nozzles to x/D ≈ 6. For x/D ≥ 10, TI c was greater for the convergent than the straight nozzle.
The downstream evolution of radial TI for the D = 0.01 m nozzles is shown in Fig. 5b . In these profiles, considered representative of all diameters, there is a clear difference in the behaviour of the divergent compared to the straight and convergent nozzles. Within each nozzle geometry category (straight, convergent, divergent) the radial TI profiles became similar for x/D > 13. The mean radial location for peak TI at x/D = 2 for the convergent nozzles was y/D = 0.56(s = 0.02), y being the radial coordinate. In agreement with the convergent nozzle experiments of Lau et al. (1979) this was also the location at which U = U jc /2. For the straight nozzles the peak location reduces to y/D = 0.51(s = 0.03) and for the divergent nozzles the peak shifted closer again to the jet axis y/D = 0.41(s = 0.09).
Spreading rates
The spreading rate, A, is defined as ∂b ∂x where b is the radial position at which U = U jc /2 (e.g., Rajaratnam, 1976) . A values (Table 1) were obtained via a least squares linear regression of (Table 2) .
Results -acoustic measurements
In all cases, the delay-and-sum beamformer returned a single elongate source region. The Half Power Beam Width (HPBW) was calculated using the lateral extent of regions for which the RMS Pa value was < 3 dB below peak RMA Pa. The mean HPBW values for each run are presented in Table 1 − 1 source lobes contained two HPBW peaks. For these runs, the HPBW given is the total expanse of these peak regions. The peak RMS pressure locations for the divergent nozzles were located in the region of the nozzle exit (x/D = 0, Fig. 4a ). The potential cores of these flows were short (x c /D ≈ 1), with peak TI locations in the region of x/D = 5 (Fig. 4b) . For the D = 0.01 m and D = 0.015 m straight nozzles the peak RMS pressures were located in the region of the nozzle exit. However, for the D = 0.005 m straight nozzles there was a slight downstream shift in the peak RMS pressure location. The acoustic source locations returned for the straight nozzles did not relate to the x c /D (5 < x/D < 6) or peak TI (8 < x/D < 11) locations. For the D = 0.005 m straight nozzles, it is possible that the downstream shift in location was due to the merging of two sound sources containing a Table 2 Centre line velocity decay and spreading rate values for previous experiments reported in Ball et al. (2012) and Quinn (2006 similar range of frequencies, one emitted from the nozzle and one generated by the jet flow, with the final resolved location being dominated by the stronger sound source. Five of the test runs (three straight and two divergent) returned negative peak RMS pressure locations i.e. upstream of the nozzle exit. For the D = 0.01 m, U jc = 63 m s −1 run the shift was the same diameter as the nozzle (2 pixels), while for the other four runs the negative shift is only 1 pixel from the nozzle exit. Sound emitted from ducts can have a complex radiation pattern and part of this shift may be due to fitting a 3D problem to a 2D solution. There may also be minor errors with array calibration. However, even if a two pixel positive shift were applied to all of the results the differences between geometries would remain. For the convergent nozzles, the dominant acoustic source locations related to within-flow processes. In contrast the dominant acoustic sources from the straight and divergent nozzle tests were generated from the nozzle exit region.
The mean Power Spectral Density (PSD) curves, created from the beams at the maximum RMS location for each run condition, are presented in Fig. 6 . The PSD is the estimate of the mean squared pressure per unit frequency and the SPL value for a given frequency band (SPL(Df 12 )) is given by SPL (Df12) = 10 × log 10
where P rms is the RMS pressure,
f 1 and f 2 are the frequency band limits and, following convention, the reference pressure (P ref ) is taken as 20 × 10 −6 Pa (e.g., Garcés, 2013) . Signals from the straight and divergent nozzles were characterised by a series of peaks, which had higher amplitudes than the smoother spectra observed from the convergent nozzles. In all cases, the spectra bore little resemblance to the smooth spectra generated by a pure jet noise signal. The peaks in Fig. 6 above 1000 Hz exceed the Schroeder and resonant frequencies of the test chamber (Section 2.1). Furthermore, as these peaks are not seen for all nozzles they cannot be related to the test chamber, a constant feature of the experiments. As the dominant sound sources were located upstream of x c D, the spectral characteristics are thought to be controlled by noise generation mechanisms internal to the jet rig. This hypothesis is supported by the relationship between the harmonic resonance tones of the nozzle barrel seen for the straight and divergent nozzles and the nozzle barrel length (Appendix A). Nozzle geometry affected the amplitude of the tones: for divergent nozzles the amplitude of these tones was reduced at higher frequencies compared to the straight nozzles. A similar effect is noted by Rossing (1990) on the impedance curve of a trumpet due to the addition of a bell to the instruments tubing. Signals from the divergent nozzles were consistently stronger than those of the other geometries. Given that the inlet diameter was constant, this demonstrates the amplification effect of a divergent nozzle on any signal transmitted from upstream of, or generated within, the nozzle region; such an effect is well known in regard to the sound transmission in horns (e.g., Kuttruff, 2007) .
The peak frequencies (f p ) for the straight and divergent nozzles related to the harmonic resonance tones of the nozzle barrel and did not correlate with the expected peak frequencies (f pe ) for the emitted jet flows (Table 1) −1 runs had f pe similar to the recorded f p . Considering the set of all the convergent nozzle experiments, f p is insensitive to U jc and so not useful as a means of returning U jc . As with the straight and divergent nozzle spectra, signals from the convergent nozzles were thought to be heavily influenced by internal noise sources. Importantly, this internal noise influence meant that even where the sound source was located near to the expected dominant jet noise generation region, the frequency characteristics could not be used to infer the jet operating parameters.
Discussion
In our experiments, the flow profiles and acoustic source parameters for divergent nozzles were significantly different than for the other nozzle geometries (straight and converging). Experimental (e.g., Solovitz et al., 2014) and real-world (e.g., Wilson et al., 1980) observations show an upward divergence of volcanic vents. This suggests that results from divergent nozzles are more relevant to the volcano-acoustics community than typical aeroacoustic experiments which use convergent or straight nozzle geometries.
The different nozzle geometries generated distinct radial jet velocity profiles. The divergent nozzle exit flow had a Gaussian U jc profile, with the TI profiles indicating that the flow was turbulent on exit (Fig. 5) . This was in contrast to the straight and convergent nozzles for which the flow properties differed on exit (power law and top hat radial velocity profiles, respectively) but became similar downstream of the potential core (x c ). The straight and convergent nozzles also produced TI profiles that indicated the centre line turbulence intensity increased as the jet developed. It is notable that there were significant differences in results between the divergent and other nozzles even though the divergence angle was only 3.6 • . A first order interpretation is that the flow exits the divergent nozzles in a more developed state than typical laboratory or aircraft jets. Being turbulent on exit, surface waves are already present in the shear layers of the divergent jets, whereas standard laboratory jets have a region over which these develop. Such changes in initial conditions will impact acoustic signal generation.
The dominant acoustic source for the divergent nozzles was further upstream than those for the convergent and straight nozzles (Fig. 4) . This is consistent with the observed flow regimes: the divergent nozzles exhibited a shorter NIF extent with x c /D ≈ 1 (Fig. 4) and produced maximum acoustic power in the region of the nozzle exit. A consequence of this flow structure is that any jet noise signal was masked by a louder internal noise signal generated by air flow through the rig and interacting with the nozzle. Therefore, retrieval of the jet operating parameters from the beamed spectra, using the observed peak frequency and amplitude, was not possible.
The influence of the rig and nozzle noise was not restricted to the divergent nozzles; the straight nozzles also produced harmonic tones. The convergent nozzles did not produce clear harmonic tones and had source regions of significant acoustic power downstream of the jet exit (Fig. 4) . These results suggest that the sound generated by the convergent nozzle flow regimes acted to overpower nearnozzle noise generation. Importantly, even with convergent nozzles the acoustic spectral characteristics could not be inverted for jet operating parameters. This suggests that even in these cases the acoustic signature was not dominated by pure jet noise, or that the peak frequency scaling (Eq. (2)) for linking jet to acoustic parameters is incorrect.
The dependence of the flow properties and acoustic signals on nozzle geometry has significant implications for the interpretation of volcano infrasound. Yet, much work remains to understand the differences between the simple experimental setup described in this paper and sustained volcanic eruptions. Matoza et al. (2013) identified a number of issues with scaling laboratory and aircraft measurements to realistic volcanic environments. Here, we briefly describe some of the more pertinent issues with regards our work.
We focused on a simple set of divergent nozzles ( Fig. 2 and Table 1 ) that had a small internal divergence angle of 3.6 • ; it is unclear what divergence angles would be representative of natural volcanic systems. Models (e.g., Wilson et al., 1980) suggest that the divergence angles may be significantly wider. There is a need for work that focuses on identifying the consequences of widening the divergence angle and adopting a more complex nozzle geometry on the flow and acoustic regimes, and on understanding the acoustic directivity of sound generated by these systems.
The combined effect of the conduit length and the divergence geometry should also be considered. Conduit length alone may have a large influence on the radiated sound. Jet flow experiments of Grandchamp and Hirtum (2013) showed that nozzle length (L) can control the initial flow profile with jets exiting from a long straight pipe (L/D = 53.2) exhibiting a developed pipe flow regime with no uniform core region. In contrast, jets exiting from a short nozzle (L/D = 1.2) did so in the 'top hat' regime. As fragmentation depths in models of Plinian eruptions (e.g., Polacci et al., 2004) are typically at least an order of magnitude greater that the conduit diameter, a gas flow originating at the fragmentation level of a volcanic vent would be expected to exit in a developed flow regime. Such flows have the same characteristics as we observed for divergent nozzles, and so might be expected to produce significant near-nozzle sound that is largely influenced by internal (rig) noise. The influence of internal noise, and the interplay between conduit processes and the radiated acoustic wavefield, is poorly understood. Recent work by Palacios et al. (2016) suggests that for sustained eruptions at Tungurahua, Ecuador, there is a single, internal source for both the seismic and acoustic wavefields.
There are also issues with scaling of the flow parameters from aeroacoustic experiments to volcanic eruptions. The Reynold's numbers of Plinian eruptions (10 10 − 10 12 ; Valentine and Wohletz, 2012) , and those investigated in our experiments are well above those reported in the engineering literature (e.g., Viswanathan, 2004) . Although exit velocities of volcanic plumes are comparable to those studied by the aeroacoustic community, the diameters of volcanic vents are of order 10 − 10 2 m which is much greater than the nozzle diameters of aeroacoustic tests. Viswanathan (2003) showed that for equal mass flow rates the level of internal noise is greater for larger nozzles. In order to match exit velocities for different size nozzles, a greater mass flow is required for the larger nozzle. This increase in mass flow generates greater levels of internal noise. As internal noise increases at a greater rate than turbulent jet noise (Viswanathan, 2004) , beyond a rig-specific threshold, internal noise becomes the dominant signal. Therefore, for volcanic exit velocities comparable to the engineering literature the influence of internal noise on the volcanic signal is expected to be significant. This signal could be generated by flow interaction with the conduit walls and vent lip and processes within the vent such as conduit erosion and fragmentation (Fee et al., 2017; McNutt and Nishimura, 2008) .
Although our experiments did not generate pure jet noise signals, there was a clear downstream sound source in the convergent nozzle runs. The velocities of our experiments were lower than those commonly studied in subsonic engineering studies and effects at higher velocities warrant further investigation. However, the self-similar nature of our experimental jets for each of the three nozzle geometries means the differences in flow properties noted between the convergent, straight and divergent nozzles would remain at higher velocities. Therefore, the differences between acoustic signal generation mechanisms should also remain. Exit velocities for Plinian eruptions (≈200-600 m s −1 Wilson et al., 1980) are comparable to the velocities measured in the engineering setting. However, the velocity, diameter ratio and exit structure all differ between the experimental and volcanic cases with potentially important implications for signal comparison.
The volcanic case is also further complicated by the potential for supersonic flow at the beginning of the eruption. Experiments have shown that choked flow, associated with supersonic conditions, generates a high pitched noise of greater amplitude than the jet noise signal which dominates the acoustic spectra (Powell, 1953) . Powell (1953) also highlights the sensitivity of turbulence mechanisms to initial conditions and the need for assessing repeatability before interpreting and applying results. Given the level of uncertainty in volcanic vent geometry and flow properties, care must be taken to not assume a strict correspondence between controlled laboratory acoustic experiments and volcanic infrasound signals.
Models of over-pressurised volcanic eruptions have shown flow expansion post vent exit (Valentine and Wohletz, 1989; Ogden, 2011) . Therefore, to apply a model relating vent diameter, exit velocity and a flow-generated acoustic signal the ratio of vent radius to column basal radius must be known. This ratio, determined by the difference between eruptive and atmospheric pressures and the internal angle of the vent (Ogden, 2011) , varies both between and over the course of individual eruptions. A further complication of over-pressurised volcanic jets is that the central jet may be surrounded by an annular region of unsteady, non-uniform flow (Ogden et al., 2008) . The acoustic signal created by this region has the potential to be stronger than the jet noise associated with turbulent mixing and so dominate the apparent jet noise spectrum.
Although Matoza et al. (2009 Matoza et al. ( , 2013 explored the hypothesis that above vent noise generation mechanisms could help explain the characteristics of infrasound recorded during sustained explosive eruptions, they recognised that other volcanic fluid flow processes (e.g., multiphase flow, interaction with the shallow conduit structure and vent walls, volcanic jet eroding a vent and/or crater) may also produce measurable signals. Our results indicate that vent and conduit processes are likely to be significant generators of volcanic infrasound, producing signals in the vent region. This is not to argue that there is no signal generated by the above-vent flow, but rather that this signal may be overwhelmed by signals generated at or within the vent. A combination of laboratory experiments and well designed field deployments (e.g., Rowell et al., 2014) will be required to identify and separate the major acoustic sources. Therefore, before infrasound data can be confidently inverted for sustained eruption parameters, a thorough assessment of the influence of in-conduit processes on volcano-acoustic signals is required.
Summary
Our results demonstrate the influence of nozzle geometry on the flow structure of emitted jets. Jet flows from convergent nozzles possessed structural features related to the generation of aeroacoustic jet noise. In contrast, flows from divergent nozzles, which are of greater relevance to volcanic vents, exited in a developed flow regime with a significantly shorter potential core length. In these divergent nozzle tests, for which x C /D ≈ 1, it was not possible to distinguish between internal and flow generated acoustic signals. Even in the case of the convergent nozzle tests, the combination of internal and external sound sources prevented the identification of the jet operating parameters from the acoustic signals. Further experimental work is needed to investigate the acoustics of divergent jets and also to develop robust methods for separating internal and external sound signals.
In the volcanic case, the nozzles (vents) have no acoustic treatment meaning internal sound will contribute to the emitted acoustic signals. In addition, the flow structures of volcanic eruptions are more complex than the simple jet flows examined by our experiments. Therefore, eruption parameters retrieved from volcanic signals using existing jet noise theory cannot currently be relied upon. Decades of high-end engineering research led to the development of jet noise theory for nozzle and flow combinations which are simple in comparison to the volcanic problem. Given the potential consequences of incorrect inversion of volcanic signals, substantial experimental investigation tailored to volcanic issues is required.
Appendix B. Adaptive beamforming results: CLEAN
To extend the delay-and-sum beamforming results detailed in this paper, a deconvolution technique (CLEAN, e.g., Sijtsma, 2007) was applied to the microphone array recordings. The aim of such techniques is to reveal weaker acoustic sources that are masked by stronger signals. This is achieved by iteratively removing the array response (including the side lobes) associated with the strongest acoustic source until a stop criterion is reached. In our application this criterion is that no further coherent acoustic power has been removed from the residual measurements during the final iteration. It is assumed that the dominant acoustic source in each iteration can be approximated as a point source, such that a theoretical array response (or point spread function) can be calculated and then removed (see Sijtsma, 2007 , for full details of the algorithm). The results are added as an appendix to this paper as they are complementary to the delay-and-sum results. However, a full sensitivity test of the method to variations in input parameters has yet to be completed, such that the results should be considered as preliminary.
The results of the CLEAN algorithm can be represented as source plots (e.g., Fig. B.1) . These illustrate the spatial distribution of the sources found iteratively during the CLEAN processing, with the relative amplitudes of the source being represented by the colourscale. The results show that there is good agreement between the axial locations of the peak pressure source estimated using the delay-and-sum beamformer (Fig. 4) and the largest sources found in the CLEAN deconvolution analysis (Fig. B.1) . Slight discrepancies for the divergent nozzles, where the CLEAN beamforming estimates exhibit negative axial locations, are not yet fully understood.
Interestingly, the results of the CLEAN algorithm show axially extended sources for the two 0.01 m diameter convergent nozzle cases illustrated in Fig. B .1, compared to the 0.005 m diameter convergent case which exhibits one source with a downstream axial location. This is consistent with the results of the delay-and-sum beamformer, which indicated an upstream peak pressure compared to the axial extent of the potential core. The CLEAN results suggest this may be due to the presence of two spatially separated acoustic sources, with one closer to the nozzle exit. These results highlight the potential of acoustic deconvolution techniques to explore the spatial extent of complex acoustic sources in future studies.
